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Abstract
The effects of calmodulin (CaM) and CaM antagonists on microsomal Ca2 release through a ryanodine-sensitive
mechanism were investigated in rat pancreatic acinar cells. When caffeine (10 mM) was added after a steady state of ATP-
dependent 45Ca2 uptake into the microsomal vesicles, the caffeine-induced 45Ca2 release was significantly increased by
pretreatment with ryanodine (10 WM). The presence of W-7 (60 WM), a potent inhibitor of CaM, strongly inhibited the
release, while W-5 (60 WM), an inactive CaM antagonist, showed no inhibition. Inhibition of the release by W-7 was observed
at all caffeine concentrations (5^30 mM) tested. The presence of exogenously added CaM (10 Wg/ml) markedly increased the
caffeine (5^10 mM)-induced 45Ca2 release and shifted the dose^response curve of caffeine-induced 45Ca2 release to the left.
Cyclic ADP-ribose (cADPR, 2 WM)-induced 45Ca2 release was enhanced by the presence of ryanodine (10 WM). cADPR (2
WM)- or ryanodine (500 WM)-induced 45Ca2 release was also inhibited by W-7 (60 WM), but not by W-5 (60 WM), and was
stimulated by CaM (10 Wg/ml). These results suggest that the ryanodine-sensitive Ca2 release mechanism of rat pancreatic
acinar cells is modulated by CaM. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
In excitable cells, the ryanodine-sensitive Ca2 re-
lease mechanism (ryanodine receptor), which is acti-
vated by ca¡eine, ryanodine or Ca2 has been well
characterized, and the channel protein has been pu-
ri¢ed [1] and cloned [2,3]. However, there have been
very few reports concerning the properties of this
mechanism in non-excitable cells. Recently, charac-
terization of the ryanodine-sensitive Ca2 release
mechanism in rat parotid acinar cells was investi-
gated in detail by using isolated microsomal vesicles
[4,5]. It was shown that not only ca¡eine and ryano-
dine, but also cyclic ADP-ribose (cADPR), which is
an endogenous regulator of the ryanodine receptor
[6], and cAMP activate the mechanism. In pancreatic
acinar cells, the presence of a Ca2-, ca¡eine- or
cADPR-induced Ca2 release mechanism has been
suggested from the study of Ca2-dependent currents
[7,8]. Characteristic features of the ca¡eine-sensitive
Ca2 store in pancreatic microsomal vesicles, which
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possesses a releasing mechanism activated by ca¡eine
or Ca2, have been also described [9,10]. However,
detailed information concerning the releasing mech-
anism, including ryanodine sensitivity to the release,
has not yet been obtained.
Ryanodine receptor proteins in the sarcoplasmic
reticulum (SR) of skeletal muscle are known to
have several binding sites to calmodulin (CaM)
from the study of the primary sequence of the recep-
tor protein [11,12] and from a binding assay of 125I-
labeled CaM to the receptor [13]. In addition, the
releasing mechanism is activated or inhibited by the
presence of CaM depending on the Ca2 concentra-
tion of the medium [14,15]. In sea urchin eggs, en-
hancement of Ca2-, ca¡eine- or cADPR-induced
Ca2 release by CaM has been demonstrated
[16,17]. Recently, in rat permeabilized parotid acinar
cells, it was shown that cADPR-mediated Ca2 re-
lease was enhanced by CaM and was decreased by
the CaM antagonist W-7 [18]. However, unlike for
excitable cells, details of the CaM-dependent mecha-
nism are unclear.
In the present study, ryanodine sensitivity to Ca2
release induced by drugs that are known to activate
the ryanodine-sensitive mechanism in excitable tis-
sues and CaM involvement in the Ca2 release
were investigated in rat pancreatic acinar cells by
using isolated microsomal vesicles. The present data
clearly indicate that CaM can modulate the ryano-
dine-sensitive Ca2 release mechanism that is present
in the endoplasmic reticulum (ER) of pancreatic aci-
nar cells and is activated by ca¡eine, ryanodine or
cADPR.
2. Materials and methods
2.1. Materials
Creatine kinase and trypsin inhibitor were ob-
tained from Boehringer Mannheim (Mannheim, Ger-
many). Adenosine trisphosphate dipotassium salt
(K2ATP), creatine phosphate disodium salt, benz-
amidine, ruthenium red, CaM puri¢ed from the bo-
vine brain, and the CaM antagonists (W-7, W-5 and
W-12) were purchased from Sigma (St. Louis, MO,
USA). CaM kinase II inhibitor KN-62 was from
Seikagaku (Tokyo, Japan). cADPR was obtained
from Wako Pure Chemical (Osaka, Japan). Ryano-
dine was obtained from Calbiochem (La Jolla, CA,
USA). 45CaCl2 (32.76 Ci/g) was purchased from New
England Nuclear (Boston, MA, USA).
2.2. Preparation of microsomal vesicles
Pancreatic microsomal vesicles were prepared as
described previously [9,19,20]. Brie£y, isolated acinar
cells from male Wistar rats (180^200 g) were homo-
genized in an ice-cold ‘mannitol bu¡er’ containing
(in mM): 290 mannitol, 10 KCl, 5 HEPES, 1 MgCl2,
1 benzamidine, 0.2 phenylmethylsulfonyl £uoride,
and 20 Wg/ml of trypsin inhibitor, adjusted with
Tris to pH 7.0. After centrifugation of the cell homo-
genate at 11 000Ug for 15 min, the ‘£u¡y layer’ on
top of the pellet, which is enriched by about two-fold
in ER [19], was collected. The microsomal vesicles
were kept frozen in liquid nitrogen until use. The
protein concentration was measured by the method
of Bradford [21] using bovine serum albumin as a
standard.
2.3. Measurement of 45Ca2+ uptake
Isolated membrane vesicles were preincubated for
15 min at a protein concentration of 1.0 mg/ml in
0.5 ml of an incubation bu¡er containing (in mM):
155 KCl, 5 HEPES, 0.15 CaCl2 (corresponding to
0.002 free Ca2 concentration), 1.0 EDTA, 3.57
MgCl2 (corresponding to 1.0 free Mg2 concentra-
tion), 10 NaN3, 0.005 oligomycin, 5 Wg/ml antimycin
A, 10 creatine phosphate, 8 U/ml creatine kinase,
and 1 WCi/ml of 45CaCl2, adjusted with Tris/HCl to
pH 7.0 at 25‡C. 45Ca2 uptake into the vesicles was
initiated by the addition of K2ATP at a ¢nal concen-
tration of 2 mM. After a steady state of 45Ca2 up-
take, ca¡eine, ryanodine or cADPR was added into
the medium. At indicated times, 45Ca2 content of
membrane vesicles was determined by a rapid ¢ltra-
tion technique, as described previously [4]. The ra-
dioactivity was counted in a liquid scintillation coun-
ter (LS6500, Beckman).
2.4. Statistical analysis
Values are presented as mean þ S.E. Statistical
analysis was performed using Student’s t-test.
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3. Results
3.1. Ca¡eine-induced 45Ca2+ release
A steady state of 45Ca2 uptake into pancreatic
microsomal vesicles was reached 10^20 min after
the addition of ATP (Figs. 1,2A,3 and 5) and re-
mained stable until the end of observation (Fig. 1).
The 45Ca2 content taken up into microsomal
vesicles for 20 min after the addition of ATP was
4.6 þ 0.1 nmol/mg protein (n = 139). The e¡ect of caf-
feine (10 mM) on 45Ca2 release from the vesicles at
a steady state of 45Ca2 uptake was tested in the
presence and absence of ryanodine (10 WM). Pre-
treatment of the vesicles with ryanodine did not af-
fect the ATP-dependent 45Ca2 uptake before the
addition of ca¡eine (Fig. 1) but, signi¢cantly en-
hanced ca¡eine (10 mM)-induced 45Ca2 release
(Fig. 1) (% of released 45Ca2 over a 6-min period
after the addition of ca¡eine to the 45Ca2 that had
been taken up by the ATP-dependent mechanism:
10.0 þ 0.8% (n = 9) without ryanodine vs.
14.9 þ 1.7% (n = 7) with ryanodine (P6 0.05)). Previ-
ously, it was shown that ca¡eine-induced Ca2 re-
lease from the vesicles was inhibited by ruthenium
red (10 WM), an inhibitor of the ryanodine-sensitive
Ca2 release mechanism, but not by heparin (100 Wg/
ml), an inhibitor of the inositol 1,4,5-trisphosphate
(IP3)-sensitive mechanism [9]. This ¢nding and the
present result indicate that ca¡eine activates the rya-
nodine-sensitive Ca2 release mechanism, but not the
IP3-sensitive mechanism.
To investigate the involvement of endogenous
CaM in ca¡eine-induced Ca2 release, the ca¡eine
e¡ect was tested in the presence and absence of the
CaM antagonist W-7 [22]. Pretreatment of the
vesicles with up to 60 WM of W-7 did not a¡ect the
ATP-dependent 45Ca2 uptake (Fig. 2A), but ca¡eine
(10 mM)-induced 45Ca2 release was signi¢cantly
(P6 0.01^0.001) inhibited by W-7 (30^120 WM)
(Fig. 2B). The e¡ect of W-5, an inactive analog of
W-7 [22], was tested as a negative control. The pres-
ence of W-5 (60 WM) did not signi¢cantly (Ps 0.05)
inhibit the ca¡eine-induced 45Ca2 release (Fig. 2B).
Another CaM antagonist, W-12 (60 WM), weakly in-
hibited the release of 45Ca2 (Fig. 2B), but com-
pound 48/80 (50 Wg/ml) did not inhibit the release
(data not shown). Since CaM-dependent protein ki-
nase II is involved in an activation of the release
mechanism in pancreatic islets [23], the e¡ect of
KN-62, an inhibitor of CaM-dependent protein kin-
ase II, on the ca¡eine-induced 45Ca2 release from
pancreatic microsomes was also tested. KN-62
(10 WM) did not inhibit the ca¡eine (10 or 20 mM)-
induced 45Ca2 release (data not shown). When the
vesicles were preincubated with exogenously added
CaM (10 Wg/ml), the ATP-dependent 45Ca2 uptake
was not a¡ected by CaM (Fig. 2A), but ca¡eine
(10 mM)-induced 45Ca2 release was signi¢cantly
(P6 0.01) stimulated by CaM (Fig. 2C). The e¡ects
of W-7 (60 WM) and CaM (10 Wg/ml) on the 45Ca2
release by ca¡eine are shown at each ca¡eine concen-
tration in Fig. 2D. W-7 markedly inhibited the re-
lease at all ca¡eine concentrations (5^30 mM) tested.
CaM signi¢cantly stimulated the release at lower
concentrations (5^10 mM) of ca¡eine and shifted
the dose^response curve of ca¡eine-induced 45Ca2
release to the left (Fig. 2D). These results indicate
that endogenous CaM mediates ca¡eine-induced
Ca2 release from pancreatic microsomes and that
exogenously added CaM increases the ca¡eine sensi-
tivity to the release.
Fig. 1. E¡ect of ryanodine on ca¡eine-induced 45Ca2 release
from pancreatic microsomes. Microsomal vesicles (1 mg/ml)
were preincubated in 0.5 ml of a KCl bu¡er containing 45CaCl2
(1 WCi/ml) in the absence (a,U) and presence (b) of ryanodine
(Ry., 10 WM) for 15 min. 45Ca2 uptake was initiated by the
addition of 2 mM K2ATP (at 0 min). Ca¡eine (10 mM; a,b)
or the same volume bu¡er without ca¡eine (U) was added 21
min after the addition of ATP (arrow). Note that 45Ca2 up-
take into the vesicles was steady 20^35 min after ATP and that
ryanodine signi¢cantly enhanced the ca¡eine-induced 45Ca2 re-
lease in a steady state. Curves are representative of similar ex-
periments.
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3.2. Ryanodine-induced 45Ca2+ release
When ryanodine (10^500 WM) was added to the
medium after a steady state of 45Ca2 uptake, rya-
nodine released 45Ca2 from the vesicles in a concen-
tration-dependent manner (Fig. 3) (% of released
45Ca2 over a 6-min period after the addition of
ryanodine to the 45Ca2 that had been taken up:
2.3 þ 1.0% (n = 10) at 10 WM, 4.3 þ 1.3% (n = 6) at
50 WM, 5.4 þ 0.7% (n = 8) at 100 WM and 7.7 þ 1.0%
(n = 10) at 500 WM). The e¡ects of CaM and CaM
antagonists on ryanodine-induced 45Ca2 release
Fig. 2. E¡ects of CaM and CaM antagonists on ca¡eine-induced 45Ca2 release from pancreatic microsomes. (A) Typical curves for
ca¡eine (10 mM)-induced 45Ca2 release from the vesicles in the absence (Control) and presence of either W-7 (60 WM) or CaM
(10 Wg/ml). Experimental procedures were the same as those described for Fig. 1. Ca¡eine was added to the medium where indicated
in the absence and presence of the drugs. (B,C) E¡ects of W-7, W-5, W-12 (B) and CaM (C) on ca¡eine (10 mM)-induced 45Ca2 re-
lease are summarized from the results of experiments of the type shown in A. CaM antagonists and CaM at indicated concentrations
were present from the beginning of incubation. The vertical line represents the percentage of released 45Ca2 over a 6-min period after
the addition of ca¡eine to the 45Ca2 that had been taken up by the ATP-dependent mechanism. Each value is the mean þ S.E. from
3 to 14 experiments. Note that the ca¡eine e¡ect was signi¢cantly inhibited by W-7 (60 WM), but not by W-5 (60 WM), an inactive
analog of W-7, and was signi¢cantly stimulated by CaM (10 Wg/ml). Asterisks indicate the level of signi¢cant di¡erence compared to
the control without both CaM and CaM antagonists. **P6 0.01, ***P6 0.001. (D) E¡ects of W-7 and CaM on ca¡eine-induced
45Ca2 release are summarized at each ca¡eine concentration. Ca¡eine (5^30 mM)-induced 45Ca2 release was determined in the ab-
sence (Control) and presence of either W-7 (60 WM) or CaM (10 Wg/ml). The vertical line represents the percentage of the released
45Ca2 as described for B or C. Each point shows the mean þ S.E. from 4 to 19 experiments. Asterisks indicate the level of signi¢cant
di¡erence compared to the control without both W-7 and CaM at the corresponding ca¡eine concentration. *P6 0.05, **P6 0.01,
***P6 0.001.
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were also tested. Ryanodine (500 WM)-induced
45Ca2 release was signi¢cantly (P6 0.01) reduced
by the presence of W-7 (60 WM), but not by W-5
(60 WM) (Fig. 4). The presence of CaM (10 Wg/ml)
signi¢cantly (P6 0.01) increased the release (Fig. 4).
3.3. cADPR-induced 45Ca2+ release
When a micromolar concentration of cADPR was
added into the medium after a steady state of 45Ca2
uptake, 2^10% of 45Ca2 that had been taken up was
released from the vesicles. An e¡ect of ruthenium red
or ryanodine on cADPR (2 WM)-induced 45Ca2 re-
lease was observed. The presence of ruthenium red
(30 WM) strongly inhibited the release (Fig. 5), while
ryanodine (10 WM) signi¢cantly stimulated the re-
lease (Fig. 5) (% of released 45Ca2 over an 11-min
period after the addition of cADPR to the 45Ca2
that had been taken up: 8.2 þ 0.9% (n = 7) without
ryanodine vs. 15.8 þ 2.8% (n = 7) with ryanodine
(P6 0.05)). The presence of heparin (200 Wg/ml)
did not a¡ect the cADPR-induced 45Ca2 release
(data not shown). These results indicate that cADPR
activates the ryanodine-sensitive Ca2 release chan-
nel, but not the IP3-sensitive channel.
The e¡ects of CaM and CaM antagonists on
cADPR-induced 45Ca2 release were also investi-
gated. 45Ca2 release by cADPR (2 WM) was signi¢-
cantly (P6 0.05) inhibited by W-7 (60 WM), but not
Fig. 3. Concentration-dependent e¡ect of ryanodine on 45Ca2
release from pancreatic microsomal vesicles. Experimental pro-
cedures were the same as those described for Fig. 1. Ryanodine
(10^500 WM) was added where indicated. Note that ryanodine
caused a release of 45Ca2 in a concentration-dependent manner
(see also text). Curves are representative of similar experiments.
Fig. 4. E¡ects of W-7 and CaM on ryanodine-induced 45Ca2
release from pancreatic microsomes. Experimental procedures
were the same as those described for Fig. 2B. Ryanodine (500
WM) was added 21 min after ATP in the absence (Control) and
presence of W-7 (60 WM), W-5 (60 WM) or CaM (10 Wg/ml).
The vertical line represents the percentage of released 45Ca2
over a 6-min period after the addition of ryanodine as de-
scribed for Fig. 2B or C. Each value is the mean þ S.E. from
4 to 9 experiments. Note that ryanodine-induced 45Ca2 release
was signi¢cantly (**P6 0.01) inhibited by W-7, but not by W-
5, and was signi¢cantly (**P6 0.01) increased by CaM.
Fig. 5. E¡ect of ruthenium red or ryanodine on cADPR-in-
duced 45Ca2 release from pancreatic microsomes. Experimental
procedures were the same as those described for Fig. 1. cADPR
(2 WM) was added to the medium where indicated in the ab-
sence (Control) and presence of either ruthenium red (R.R.,
30 WM) or ryanodine (Ry., 10 WM). Ruthenium red was added
5 min before the addition of cADPR (arrow), and ryanodine
was present from the beginning of incubation. Note that ruthe-
nium red strongly inhibited the cADPR-induced 45Ca2 release
and ryanodine remarkably increased the release. Curves are rep-
resentative of similar experiments.
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by W-5 (60 WM) (Fig. 6), and was signi¢cantly
(P6 0.05) stimulated by CaM (10 Wg/ml) (Fig. 6).
4. Discussion
In the present study, it was clearly demonstrated
that the ryanodine-sensitive Ca2 release mechanism
is present in the ER of rat pancreatic acinar cells and
that the Ca2 release mechanism that is activated by
ca¡eine, ryanodine or cADPR is CaM-dependent.
The IP3-sensitive mechanism may not be CaM-de-
pendent, since IP3 (5 WM)-induced 45Ca2 release
from the vesicles was not inhibited by W-7 (80 WM)
(data not shown). To the author’s knowledge, this is
the ¢rst report of CaM sensitiveness to Ca2 release
from microsomal vesicles prepared from non-excit-
able cells.
4.1. Characteristic features of ryanodine-sensitive
Ca2+ release
In excitable tissues, plant alkaloid ryanodine is
known to lock the ryanodine-sensitive Ca2 release
channel in an ‘open state’ and to activate the Ca2
channel [24^26]. The present data show that ryano-
dine induces Ca2 release from the ER of pancreatic
acinar cells (Fig. 3). The data also show that ca¡eine-
or cADPR-induced 45Ca2 release is increased by the
presence of ryanodine (10 WM) (Figs. 1 and 5). Incre-
ment of the release is due to stimulation of the re-
lease mechanism not to inhibition of the reuptake of
45Ca2 into the vesicles after ca¡eine-, or cADPR-
induced 45Ca2 release, since ryanodine (10 WM) did
not a¡ect the ATP-dependent 45Ca2 uptake (Figs. 1
and 5). Stimulation of Ca2- or ca¡eine-induced
Ca2 release by pretreatment with low concentra-
tions (9 10 WM) of ryanodine has been shown in
skeletal muscle [24^27] and also in parotid acinar
cells [4].
In some cases, ryanodine can lock the channel to a
‘closed state’ [24]. It has been demonstrated that
Ca2-, ca¡eine- or cADPR-induced microsomal
Ca2 release in excitable cells is inhibited by the pres-
ence of ryanodine at higher concentrations (v 50
WM) [6,24,28]. In parotid acinar cells, the microsomal
45Ca2 release is blocked by ryanodine (500 WM) in
the presence of the Ca2-ATPase inhibitor thapsigar-
gin [4]. It has also been shown that in pancreatic
acinar cells, acetylcholine- or cADPR-evoked Ca2
spikes monitored as Ca2-dependent currents are in-
hibited by ryanodine even at 10 WM [8]. However,
inhibition of ca¡eine- or cADPR-induced 45Ca2 re-
lease from pancreatic microsomes by ryanodine was
not seen in the concentration range tested (10^500
WM) (data not shown). This may be due to the di¡er-
ence in experimental conditions. The e¡ects of rya-
nodine are quite complicated, and it is known that
stimulation or inhibition of Ca2 e¥ux is dependent
on temperature, incubation time and Ca2 concen-
tration as well as on ryanodine concentration [24]. In
any case, the present results clearly indicate the pres-
ence of a ryanodine-sensitive Ca2 release mecha-
nism in the ER of pancreatic acinar cells.
4.2. Modulation of the ryanodine-sensitive mechanism
by CaM
CaM has been shown to regulate the ryanodine-
sensitive Ca2 release channel in skeletal muscle
[14,15] and in sea urchin eggs [16,17]. In the modu-
lator model proposed by Lee et al. [17], endogenous
Fig. 6. E¡ects of W-7 and CaM on cADPR-induced 45Ca2 re-
lease from pancreatic microsomes. Experimental procedures
were the same as those described for Fig. 2B. cADPR (2 WM)
was added 21 min after ATP in the absence (Control) and pres-
ence of W-7 (60 WM), W-5 (60 WM) or CaM (10 Wg/ml). The
vertical line represents the percentage of released 45Ca2 over
an 11-min period after the addition of cADPR, as described for
Fig. 2B or C. Each value is the mean þ S.E. from 5 to 7 experi-
ments. Note that cADPR-induced 45Ca2 release was signi¢-
cantly (*P6 0.05) inhibited by W-7, but not by W-5, and was
signi¢cantly (*P6 0.05) increased by CaM.
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CaM modulates the Ca2 or cADPR e¡ect on the
Ca2-induced Ca2 release channel. It was demon-
strated in pancreatic acinar cells that exogenously
added CaM enhances the microsomal Ca2 release
caused by the ryanodine-sensitive Ca2 release mech-
anism (Figs. 2,4 and 6). Furthermore, in the case of
ca¡eine, the added CaM increases the ca¡eine a⁄n-
ity to the release (Fig. 2D), as shown in sea urchin
eggs [17].
It has been reported that in skeletal muscle endog-
enous CaM tightly binds to the SR proteins [29] and
the CaM content of the heavy SR vesicles ranges
from 15 to 33 pmol/mg protein [13]. The ¢ndings
that W-7 inhibited the 45Ca2 release through the
ryanodine-sensitive Ca2 release mechanism (Figs.
2,4 and 6) suggest that endogenous CaM that can
modulate the ryanodine-sensitive Ca2 channel is
present in the ER of pancreatic acinar cells. The
endogenous CaM, which is thought to be less than
the level (V600 pmol/mg protein) of exogenous
CaM added to the vesicles in the present study,
may bind to the ER and play a crucial role in the
regulation of the channel under physiological condi-
tions. W-7 also inhibits the stimulative e¡ect of the
ryanodine-sensitive Ca2 release mechanism by exo-
genously added CaM, since the presence of both W-7
(60 WM) and CaM (10 Wg/ml) reduced the ca¡eine
(10 mM)-, ryanodine (500 WM)- or cADPR (2 WM)-
induced 45Ca2 release from the vesicles to nearly the
same level as that in the presence of W-7 alone (data
not shown).
In skeletal muscle, it has been shown that in the
absence of ATP, CaM activates the ryanodine-sensi-
tive Ca2 release from the SR vesicles at nanomolar
to submicromolar Ca2 concentrations and inhibits
the release at micromolar to millimolar Ca2 concen-
trations [15]. In the present study using pancreatic
microsomes, CaM activation of the release was
seen at 2 WM Ca2 concentration in the presence of
ATP. The discrepancy between activation and inhib-
ition at micromolar Ca2 concentrations may result
from the di¡erence in isoforms of ryanodine recep-
tors or the di¡erence in experimental conditions, in-
cluding the presence of ATP.
It is known that cardiac or skeletal muscle SR
Ca2-ATPase is phosphorylated by CaM-dependent
protein kinase [30^32] and that the Ca2 uptake into
SR vesicles is inhibited by CaM inhibitors [31,33].
However, the e¡ects of CaM and W-7 on the ER
Ca2-ATPase of pancreatic acinar cells may be neg-
ligible in the present study, since CaM and W-7 did
not a¡ect the Ca2 uptake into the ER vesicles (Fig.
2A).
Two ideas have been proposed concerning the
modulation of the Ca2 release mechanism by
CaM. One is direct binding of CaM to the channel
protein [13,15,17], and the other is phosphorylation
by CaM-dependent protein kinase [23,34,35]. CaM-
dependent protein kinase II may not be involved in
the modulation of the ryanodine-sensitive mechanism
in pancreatic acinar cells, since 10 WM of KN-62, an
inhibitor of CaM-dependent protein kinase II, did
not inhibit ca¡eine-induced 45Ca2 release from pan-
creatic microsomes (data not shown).
It has been shown in sea urchin eggs that a low
concentration of cADPR increases the Ca2 or caf-
feine a⁄nity in Ca2-induced Ca2 release [36,37]
and that cADPR, as well as CaM, can act also as
a modulator for the channel [17]. In pancreatic mi-
crosomal vesicles, it has been shown that a low con-
centration (0.5 WM) of cADPR indeed increases caf-
feine (10 mM)-induced 45Ca2 release (T. Ozawa,
unpublished data). Further studies are needed in
pancreatic acinar cells to clarify the properties of
the ryanodine receptor protein, including the modu-
lation mechanism by endogenous regulators, such as
CaM and cADPR, and their physiological roles in
Ca2 mobilization.
References
[1] M. Inui, A. Saito, S. Fleischer, Puri¢cation of the ryanodine
receptor and identity with feet structures of junctional ter-
minal cisternae of sarcoplasmic reticulum from fast skeletal
muscle, J. Biol. Chem. 262 (1987) 1740^1747.
[2] H. Takeshima, S. Nishimura, T. Matsumoto, H. Ishida, K.
Kangawa, N. Minamino, H. Matsuo, M. Ueda, M. Hanao-
ka, T. Hirose, S. Numa, Primary structure and expression
from complementary DNA of skeletal muscle ryanodine re-
ceptor, Nature 339 (1989) 439^445.
[3] K. Otsu, H.F. Willard, V.K. Khanna, F. Zorzato, N.M.
Green, D.H. MacLennan, Molecular cloning of cDNA en-
coding the Ca2 release channel (ryanodine receptor) of rab-
bit cardiac muscle sarcoplasmic reticulum, J. Biol. Chem.
265 (1990) 13472^13483.
[4] T. Ozawa, A. Nishiyama, Characterization of ryanodine-sen-
sitive Ca2 release from microsomal vesicles of rat parotid
BBAMCR 14559 26-11-99
T. Ozawa / Biochimica et Biophysica Acta 1452 (1999) 254^262260
acinar cells : regulation by cyclic ADP-ribose, J. Membr.
Biol. 156 (1997) 231^239.
[5] T. Ozawa, Cyclic AMP induces ryanodine-sensitive Ca2
release from microsomal vesicles of rat parotid acinar cells,
Biochem. Biophys. Res. Commun. 246 (1998) 422^425.
[6] L.G. Me¤sza¤ros, J. Bak, A. Chu, Cyclic ADP-ribose as an
endogenous regulator of the non-skeletal type ryanodine re-
ceptor Ca2 channel, Nature 364 (1993) 76^79.
[7] M. Wakui, Y.V. Osipchuk, O.H. Petersen, Receptor-acti-
vated cytoplasmic Ca2 spiking mediated by inositol tris-
phosphate is due to Ca2-induced Ca2 release, Cell 63
(1990) 1025^1032.
[8] P. Thorn, O. Gerasimenko, O.H. Petersen, Cyclic ADP-ri-
bose regulation of ryanodine receptors involved in agonist
evoked cytosolic Ca2 oscillations in pancreatic acinar cells,
EMBO J. 13 (1994) 2038^2043.
[9] M. Dehlinger-Kremer, S. Zeuzem, I. Schulz, Interaction of
ca¡eine-, IP3- and vanadate-sensitive Ca2 pools in acinar
cells of the exocrine pancreas, J. Membr. Biol. 119 (1991)
85^100.
[10] T. Ozawa, I. Schulz, H uptake increases GTP-induced con-
nection of inositol 1,4,5-trisphosphate- and ca¡eine-sensitive
calcium pools in pancreatic microsomal vesicles, Biochem.
Biophys. Res. Commun. 180 (1991) 755^764.
[11] F. Zorzato, J. Fujii, K. Otsu, M. Phillips, N.M. Green, F.A.
Lai, G. Meissner, D.H. MacLennan, Molecular cloning of
cDNA encoding human and rabbit forms of the Ca2 release
channel (ryanodine receptor) of skeletal muscle sarcoplasmic
reticulum, J. Biol. Chem. 265 (1990) 2244^2256.
[12] P. Menegazzi, F. Larini, S. Treves, R. Guerrini, M. Qua-
droni, F. Zorzato, Identi¢cation and characterization of
three calmodulin binding sites of the skeletal muscle ryano-
dine receptor, Biochemistry 33 (1994) 9078^9084.
[13] H.C. Yang, M.M. Reedy, C.L. Burke, G.M. Strasburg,
Calmodulin interaction with the skeletal muscle sarcoplasmic
reticulum calcium channel protein, Biochemistry 33 (1994)
518^525.
[14] T. Ikemoto, M. Iino, M. Endo, Enhancing e¡ect of cal-
modulin on Ca2-induced Ca2 release in the sarcoplasmic
reticulum of rabbit skeletal muscle ¢bres, J. Physiol. 487
(1995) 573^582.
[15] A. Tripathy, L. Xu, G. Mann, G. Meissner, Calmodulin
activation and inhibition of skeletal muscle Ca2 release
channel (ryanodine receptor), Biophys. J. 69 (1995) 106^
119.
[16] H.C. Lee, R. Aarhus, R. Grae¡, M.E. Gurnack, T.F. Wal-
seth, Cyclic ADP ribose activation of the ryanodine receptor
is mediated by calmodulin, Nature 370 (1994) 307^309.
[17] H.C. Lee, R. Aarhus, R.M. Grae¡, Sensitization of calcium-
induced calcium release by cyclic ADP-ribose and calmodu-
lin, J. Biol. Chem. 270 (1995) 9060^9066.
[18] X. Zhang, J. Wen, K.R. Bidasee, H.R. Besch Jr., R.P. Ru-
bin, Ryanodine receptor expression is associated with intra-
cellular Ca2 release in rat parotid acinar cells, Am. J. Phys-
iol. 273 (1997) C1306^C1314.
[19] H. Streb, E. Bayerdo«r¡er, W. Haase, R.F. Irvine, I. Schulz,
E¡ect of inositol-1,4,5-trisphosphate on isolated subcellular
fractions of rat pancreas, J. Membr. Biol. 81 (1984) 241^253.
[20] T. Ozawa, F. The¤venod, I. Schulz, Characterization of two
di¡erent Ca2 uptake and IP3-sensitive Ca2 release mecha-
nisms in microsomal Ca2 pools of rat pancreatic acinar
cells, J. Membr. Biol. 144 (1995) 111^120.
[21] M.M. Bradford, A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the prin-
ciple of protein-dye binding, Anal. Biochem. 72 (1976) 248^
254.
[22] H. Hidaka, Y. Sasaki, T. Tanaka, T. Endo, S. Ohno, Y.
Fujii, T. Nagata, N-(6-aminohexyl)-5-chloro-1-naphthalene-
sulfonamide, a calmodulin antagonist, inhibits cell prolifer-
ation, Proc. Natl. Acad. Sci. USA 78 (1981) 4354^4357.
[23] S. Takasawa, A. Ishida, K. Nata, K. Nakagawa, N. Nogu-
chi, A. Tohgo, I. Kato, H. Yonekura, H. Fujisawa, H. Oka-
moto, Requirement of calmodulin-dependent protein kinase
II in cyclic ADP-ribose-mediated intracellular Ca2 mobili-
zation, J. Biol. Chem. 270 (1995) 30257^30259.
[24] G. Meissner, Ryanodine activation and inhibition of the
Ca2 release channel of sarcoplasmic reticulum, J. Biol.
Chem. 261 (1986) 6300^6306.
[25] A. Chu, M. D|¤az-Mun‹oz, M.J. Hawkes, K. Brush, S.L.
Hamilton, Ryanodine as a probe for the functional state of
the skeletal muscle sarcoplasmic reticulum calcium release
channel, Mol. Pharmacol. 37 (1990) 735^741.
[26] J.S.C. Gilchrist, A.N. Belcastro, S. Katz, Intraluminal Ca2
dependence of Ca2 and ryanodine-mediated regulation of
skeletal muscle sarcoplasmic reticulum Ca2 release, J. Biol.
Chem. 267 (1992) 20850^20856.
[27] H. Oyamada, M. Iino, M. Endo, E¡ects of ryanodine on the
properties of Ca2 release from the sarcoplasmic reticulum
in skinned skeletal muscle ¢bres of the frog, J. Physiol. 470
(1993) 335^348.
[28] L.G. Me¤sza¤ros, P. Volpe, Ca¡eine- and ryanodine-sensitive
Ca2 stores of canine cerebrum and cerebellum neurons,
Am. J. Physiol. 261 (1991) C1048^C1054.
[29] B. Eibschutz, A.P.G. Wong, G.D. Lopaschuk, S. Katz, The
presence and binding characteristics of calmodulin in micro-
somal preparations enriched in sarcoplasmic reticulum from
rabbit skeletal muscle, Cell Calcium 5 (1984) 391^400.
[30] C.J.L. Peuch, J. Haiech, J.G. Demaille, Concerted regulation
of cardiac sarcoplasmic reticulum calcium transport by cyclic
adenosine monophosphate dependent and calcium-calmodu-
lin-dependent phosphorylations, Biochemistry 18 (1979)
5150^5157.
[31] K.P. Campbell, D.H. MacLennan, A calmodulin-dependent
protein kinase system from skeletal muscle sarcoplasmic re-
ticulum: phosphorylation of a 60,000-dalton protein, J. Biol.
Chem. 257 (1982) 1238^1246.
[32] A. Xu, C. Hawkins, N. Narayanan, Phosphorylation and
activation of the Ca2-pumping ATPase of cardiac sarco-
plasmic reticulum by Ca2/calmodulin-dependent protein
kinase, J. Biol. Chem. 268 (1993) 8394^8397.
[33] B.S. Tuana, D.H. MacLennan, Calmidazolium and com-
pound 48/80 inhibit calmodulin-dependent protein phos-
BBAMCR 14559 26-11-99
T. Ozawa / Biochimica et Biophysica Acta 1452 (1999) 254^262 261
phorylation and ATP-dependent Ca2 uptake but not Ca2-
ATPase activity in skeletal muscle sarcoplasmic reticulum,
J. Biol. Chem. 259 (1984) 6979^6983.
[34] D.R. Witcher, R.J. Kovacs, H. Schulman, D.C. Cefali, L.R.
Jones, Unique phosphorylation site on the cardiac ryanodine
receptor regulates calcium channel activity, J. Biol. Chem.
266 (1991) 11144^11152.
[35] M. Hohenegger, J. Suko, Phosphorylation of the puri¢ed
cardiac ryanodine receptor by exogenous and endogenous
protein kinases, Biochem. J. 296 (1993) 303^308.
[36] A. Galione, H.C. Lee, W.B. Busa, Ca2-induced Ca2 re-
lease in sea urchin egg homogenates: modulation by cyclic
ADP-ribose, Science 253 (1991) 1143^1146.
[37] H.C. Lee, Potentiation of calcium- and ca¡eine-induced cal-
cium release by cyclic ADP-ribose, J. Biol. Chem. 268 (1993)
293^299.
BBAMCR 14559 26-11-99
T. Ozawa / Biochimica et Biophysica Acta 1452 (1999) 254^262262
